In Switzerland, the DNA profiles of police officers collecting crime scene traces as well as 3 forensic genetic laboratories employees are stored in the staff index of the national DNA 4 database to detect potential contaminations. Our study aimed at making a national inventory of 5 contaminations to better understand their origin and to make recommendations in order to 6 decrease their occurrence. For this purpose, a retrospective questionnaire was sent to both 7 police services and forensic genetic laboratories for each case where there was a 8
INTRODUCTION 1
With the current sensitivity of profiling STR kits, it is more common to detect minute amount of 2 contaminating DNA left by persons collecting or analyzing crime scene traces [1] [2] [3] . These 3 contaminations represent one of the most frequent source of error in forensic genetics and may 4 have serious consequences on the result of an analysis [1, 4] . First, the contaminant profile 5 might mask the DNA profile of a crime stain and prevent a relevant profile to be sent to the 6 national database. Second, if unidentified, a contaminant profile might create erroneous 7 investigative leads as illustrated in the classical example of the "Heilbronn phantom" [5] . This 8 increases the risk of wrongfully discarding correct investigative leads and might have costly 9
consequences (e.g. increase resources needed to process comparisons, delay the process of 10 other cases) [4] . Third, contaminations may also create mixed DNA profiles and may therefore 11 decrease the evidential value of a match with the DNA profile of a person [1] . Finally, if 12 contaminations are not detected early enough, they may generate a lot of public or justice 13 attention and may damage the reputation of forensic actors (i.e. police services or genetic 14 laboratories) [1] . For these different reasons it is necessary to take all possible actions to keep 15 the risk of contaminations as low as possible. 16
Contamination may occur through different modes (e.g. through direct or indirect transfer, as a 17 result of ineffective cleaning procedures or as a result of contaminated material used to collect 18 traces) and at any stage of the analysis of a DNA sample (i.e. from the collection at the crime 19 scene to the analysis in the laboratory) [4] . Therefore, it is important to increase our 20 understanding of the factors involved in contaminations. Although several recent studies tried to 21 list and evaluate the occurrence of contaminations (e.g. [1, 2, 4, 6] ) or focus on specific modes 22 of contaminations (e.g. [7] [8] [9] [10] [11] ), few studies tried to address contaminations from both the police 23 and laboratory perspectives. Thus, several general important questions about contaminations 24 are still open. These include knowing (i) the nature of the contaminated stains, (ii) the relative 25 7 DNA laboratories had the possibility not to answer if they had insufficient information. For this 1 reason we decided to take into account only the cases for which an answer was obtained. 2 Therefore, the number of data available varies depending on the different questions addressed 3 in this study. 4
5

RESULTS 6
Data collected and frequency of contaminations. Five out of the 7 DNA laboratories and 23 7 out of the 27 police services of Switzerland took part in the study. The lack of participation of 8 some laboratories and services was mostly justified by time constraints to answer the 9 questionnaire. For 3 of these police services, no contaminations were detected on the 356 10 profiles submitted to the database during that period (2011 -2015) . Feedbacks were received 11 from either the police service only (N = 6), the DNA laboratory only (N = 159) or both laboratory 12 and police services (N = 387). Out of the 709 contaminations detected by the national database 13 between 2011 and 2015, information was received for 552 (78%) cases (Table 2A) . This 14 represented a mean of 11.5 (minimum 9.6 -maximum 13.4 across years) contaminations per 15 year per 1'000 profiles sent to the Swiss DNA database (Table 2B) . Most contaminations were 16 associated to police staffs (86%; N= 476), whereas 11% (N = 62) were associated to laboratory 17 employees and 3% (N = 14) were associated to other type of profiles (Table 2A) such as positive 18 controls used during analyses (N = 5). Unknown profiles likely to be present on the swabs as 19 background were also detected (N = 7; e.g. phantoms) as well as stain-stain contaminations (N 20 = 2). In general, contaminations appeared as sporadic, independent, events as contamination by 21 a single person of multiple stains belonging to the same case occurred in only 4% of the cases 22
Detection of the contamination. The majority of contaminations (N = 444; 90%) analyzed in 1 this study have been detected through the use of the staff index of our national database. This 2 staff index identified 417 (95%) out of the 438 contaminations by police collaborators and 27 3 (51%) out of the 53 contaminations by laboratory employees. Other contaminations were 4 detected after a control requested by the police (e.g. following unexpected match between DNA 5 profiles) (5% of the contaminations involving police collaborators (N = 21) and 2% laboratory 6 employees (N = 1)) or through controls with local databases (47% of the contamination involving 7 laboratory employees (N = 25)). 8
Characteristics of contaminated stains. Contaminated stains were described either as "trace" 9 DNA (i.e. touch DNA) in 96% (N = 334) of the cases or as blood in 2% (N = 6), saliva in 2% (N = 10 6) or semen in less than 1% (N = 1) of the cases. No clear difference could be noticed between 11 the stains described as trace DNA and the other categories (i.e. blood, saliva or semen). When 12 quantified, the DNA concentration recovered from these contaminated stains ranged from 13 undetectable level to 2.1 ng/ul, averaging at 0.14 ng/ul with a median concentration of 0.02 14 ng/ul. The number of validated loci for contaminated stains analyzed with "older" generation STR 15 systems (e.g. SGM Plus or SEFiler with a maximum number of respectively 10 or 11 loci) varied 16 between 5 and 11 with an average of 9 loci. The number of loci validated for stains analyzed 17 with current STR systems (e.g. NGM Select or ESI with a maximum of 16 loci) varied between 3 18 and 16 with an average of 13 loci (Figure 1) . Figure 2B ). The contaminant could be filtered out of 48 mixtures 2 profiles (9%) which were subsequently submitted to the database, and it was part of a two 3 contributors mixtures submitted to the database in 37 cases (7%). For 34 of the contaminated 4 profiles (6%), the profile could not be sent to the database and was only available for local 5
comparisons. 6
Once the contamination was detected, a new sampling was performed and analyzed in 18 7 cases. In 12 out of these 18 cases (66%), the new analysis resulted in a profile different from the 8 contaminant profile. Other types of analyses (e.g. search for fibers, fingermarks) had been performed on 7 contaminated stains in 15% (N = 60) of the cases but it is generally not clear if the contamination 8 occurred during these analyses. 9
Examples of explanations given about contaminations. To increase our understanding of the 10 different factors involved in these contaminations, the possible explanations reported for some 11 contaminations were grouped into 8 categories (Table 4 ). Although this list should be taken as 12 qualitative indications (some explanations are easier to identify than others) and other categories 13 are also possible, we sorted these explanations according to their reported relative frequencies : 14 the Swiss DNA database during the same time period and suggests that our data represent a 5 good picture of the contaminations occurring in Switzerland. The remaining contamination 6 events for which no data was received may be explained by the fact that several laboratories 7 and police services did not take part in this survey. To our knowledge this represents the largest 8 study of DNA contaminations published so far [1, 2, 4] . Nevertheless, the number of 9 contaminations detected in our study most likely represents an underestimation of the real 10 number of contamination in Switzerland for several reasons. First, not all the persons in contact 11 with crime scene stains have their DNA profile in the staff index database. The frequency of the 12 representation of crime scene workers in the staff index database strongly varies among police 13 services and among the categories of crime scene workers. For example, all forensic police 14 services have introduced some collaborators in the staff index but five of these services have 15 introduced only a part of their collaborators. In addition, most police officers that are not part of 16 forensic services do not have their profile in the staff index. Therefore, this frequency can only 17 roughly be estimated to be around 60-80% in Switzerland suggesting that at least about 20-40% 18 of the contaminations have not been detected in our study because of the lack of profiles in the 19 national database. The benefit of having a comprehensive elimination database is illustrated by 20 the high proportion (> 90%) of contaminations that have been detected within the national 21 database. Increasing the number of relevant profiles in the staff index database is therefore of 22 primary importance to detect more contaminations as early as possible as already highlighted [2, 23 4]. The frequency of contamination detected by the national staff index database was lower forexplanation is that laboratories can use local elimination database to search for possible staff 1 contaminations before the profiles are transmitted to the national database. It is interesting to 2 note that most laboratory contaminations detected by local databases would have also been 3 detected by the national database as all laboratory employees have also their profile in the 4 national staff index database. It should nevertheless be recommended to send every 5 contaminated profiles to the national database to allow a better global picture of contaminations 6 as well as for transparency reasons [1] . Second, the number of contaminations reported in this 7 study is most likely underestimated because most mixtures of more than two contributors, as 8 well as minor profile only available for local comparisons, are not sent to the database and only 9 compared if there is a good reason to do so. This is illustrated by the low proportion of profiles 10 which do not meet the required criteria to be submitted to the database (e.g. complex profiles) 11 identified as contaminated in this study (~ 2% of all the contaminated profiles) although this type 12 of profiles represents for example about 10% of the DNA profiles obtained in our laboratory. 13
Such is also the case for profiles that were not exploitable which are absent from our data but 14 which could also be explained by the addition of contaminant alleles. Finally, contaminations 15 involving other types of profiles (e.g. positive controls, phantoms, stain-stain contaminations) 16 represent only 3% of the contaminations reported in this study. This probably also reflects an 17 underestimation and may be explained by the difficulty to detect these contaminations as such, 18 as they are not easily detected by database comparisons. Additionally, stain-stain 19 contaminations might be difficult to differentiate from situations where a single person is involved 20 in multiple cases. The lack of data about stain-stain contamination is alarming as this type of 21 contamination can result in misleading evidences (in contrast to police or laboratory employees 22 contaminations) and can therefore result in the most serious type of errors (e.g. false 23 associations) and miscarriage of justice as illustrated by the Jama or Scott cases [13, 14] . 24 Therefore, it is recommended to always keep in mind the "contamination hypothesis" in cases of 25 unexpected results and when evaluating DNA evidence in general.
During the study period, the frequency of contaminated profiles was stable and represented 1 approximately 1% of the ~ 48'000 profiles submitted to the Swiss database by the participating 2 services. This is a non negligible proportion and it highlights the importance of improving 3 procedures to minimize contaminations (see below). Although the comparison among the few 4 studies which addressed the frequency of contaminations is difficult (e.g. the definition of the 5 contaminations is not always the same), the frequency of 1% reported here is similar to those 6 reported in recent years studies in Norway and Austria [2, 6] but approximately one order of 7 magnitude larger than the frequency reported in a study in Québec (31 cases among ~ 31'000 8 profiles ≈ 0.1%) [4] . This difference may find an explanation in the higher number of profiles of 9 police collaborators and laboratory employees present in the staff index within the national 10 database in Switzerland (2457) compared to the Québec study (327). It is important to specify 11 that the rates reported in our study are irrelevant in the context of a particular case [1] . In such 12 situations, only case-specific contamination probabilities are relevant and these probabilities 13 need to be determined for each individual case. 14 Characteristics of contaminated stains. Most contaminated stains (> 96%) were trace stains 15 (i.e. touch DNA) and the concentration of DNA recovered on these stains was often very low (the 16 concentration recovered on half of the contaminated stains was below 20pg/l). Although the 17 generally low concentration, the quality of contaminated profiles was relatively good as the 18 number of validated loci (i.e. reproducible) was often close to the maximum expected number 19 (Fig. 1) . This is in favor of the hypothesis that the increased sensitivity of new STR profiling 20 systems increases the probability to detect very small quantities of contaminants [2, 3] . 21
However, we cannot really evaluate the influence of the sensitivity of new generation kits since 22 most of the contaminated stains were analyzed with new generation kits, as the criteria for the 23 Consequence of the contamination on the exploitation of the stain. The contaminant profile 1 represented the only exploitable profile (as single or as major contributors) in more than 75% of 2 the cases (Fig. 2A) . Two contrasting hypotheses may explain that. First, the quantity of the 3 contaminant DNA might be too large compared to the DNA already present on the stain. In 4 particular when the contaminant DNA represents more than about 10 times the minor DNA [15, 5 16], the contaminant profile can mask other relevant profiles. In such situations, the concerned 6 stains might can be ruined by the contamination. Second, the quality and quantity of the DNA 7 already present on the stain before the contamination was too low and/or not good enough to 8
give an interpretable profile. In such situations, even without the contamination, the concerned 9 stains would not have given an interpretable profile and the contamination would thus have no 10 real impact on the exploitation of the stain. It is difficult to distinguish between the two 11 hypotheses for cases with high DNA concentrations. However, the generally low DNA 12 concentrations measured for contaminated profiles suggest that the second hypothesis could be 13 favored in most cases and therefore the contamination did not really affect the informativeness 14 of these stains. 15
For about 15% of the cases, a DNA profile different from the contaminant profile could be sent to 16 the database, either as a mixture of two contributors including the contaminant profile or as a 17 single profile after filtering out the contaminant profile (Fig. 1B) . In these cases, the 18 contamination may have complicated the exploitation of the stain (e.g. probabilistic interpretation 19 of a DNA mixture profile instead of a single-source profile) but it did not really prevent a search 20 in the database as it is possible to search DNA mixtures assigned as being from two contributors 21 in the Swiss national database. Contaminations probably prevented profiles from being sent to 22 the database in less than 6% of the cases. Thus, although contaminations might have dramatic 23 consequences on individual cases, in most situations, it apparently did not fully compromise the 24 exploitation of the contaminated stain. Finally, collecting a new sample when this is feasible and adequate might reduce the impact of 7 contamination. In 12 out of the 18 cases (66%) of our study for which a new sample had been 8 collected, profiles different from the contaminant profiles were produced. This highlights the 9 added value of such a strategy. 10
Direct vs. indirect contaminations. Contaminations might be explained by a direct contact with 11
an item and/or some behaviors such as speaking, sneezing or coughing near that item [17] . 12
Personal communications of several police officers indicated that crime scene investigators do 13 not always wear gloves and face masks when collecting and/or processing crime scene samples 14 (Table 4) . Some contaminations were also explained by gloves contaminations (in their package 15 or before the collection of the stain) (Table 4) . Protective gloves used during crime scene 16 investigation have already been shown to transfer DNA efficiently highlighting the need to 17 frequently change gloves [8, 18] . This further supports the observation that protective clothing 18 alone is not sufficient and can give a false sense of security [18, 19] . 19 Such direct contaminations are generally easily understandable and can globally be prevented 20 by strict applications of appropriate DNA collection and/or good laboratory practices. In contrast, 21 in some situations the contaminant matches with a person who was not in proximity with the 22 contaminated item. Thus, the contamination can only be explained by one or more transfers 23 involving unknown vectors. These indirect contaminations are much more difficult to understand 24 and prevent. As expected, most of the contaminations analyzed in our study (88%) enter in thedirect category. However, the number of cases for which there is no clear explanations on how 1 the contaminant DNA was found in the DNA sample (i.e. indirect contamination) is significant 2 and represented 12% of all cases. Interestingly, the frequency of those indirect contaminations 3 increases to 46% for contaminations by laboratory employees. This value is consistent with 4 recent studies which reported likely indirect contaminations in approximately 35% of the cases 5 [2, 20] . Although each individual case is difficult to explain, the high level of indirect DNA transfer 6 in laboratories might be explained by the occurrence of "DNA reservoirs" such as surfaces, tools 7 and equipment that are regularly used by one or several persons in the closed laboratory 8 environment [20] . To prevent these contaminations, it is necessary to improve cleaning 9 procedures as well as clear physical separations between living environment (e.g. offices) and 10 laboratories facilities [21, 22] . In such a context, it is also recommended that laboratories 11 implement environmental DNA monitoring programs for the detection of DNA reservoirs [3, 9, 12
21]. 13 14
Who was the source of the contamination? Contaminations by police collaborators were 15 detected 8 times more often than contaminations by laboratory employees (86% vs. 11%). This 16 difference might be explained by several factors. First, the police are generally in charge of 17 collecting the stains (roughly more than 95% of the stains are collected by police collaborators). 18
This collection might require multiple handlings and a close proximity with the sampled item 19 which increases the contamination risk. Second, the collection of the stain is generally done on 20 crime scene in generally more than 60% of the time (this number can even be larger than 90% 21 depending on the police services) which is a complex environment compared to the laboratory. 22
For example, many persons might be present on the crime scene before or during the collection 23 of the stains, which increases the risk that one or more of these persons deposit their DNA. In 24 addition, weather, light or stress conditions as well as disturbance by other persons on crime 25 scene (e.g. victims, paramedics) might further increase these risks compared to the laboratory.
The difficulty of the crime scene environment is illustrated in our study by the fact that 72% of the 1 police contaminations likely occurred on the crime scene. Finally, good laboratory practices are 2 fundamental parts of the education of laboratory technicians whereas police staffs are maybe 3 less aware of important practices to minimize contamination risks (e.g. changing gloves and 4 wearing face masks). In 79% of the police contamination cases, the contaminant person was 5 involved in the collection of the stain (either on crime scene or in the examination room) 6 highlighting the importance of careful and efficient collection practices. Training to increase 7 knowledge in biological transfer mechanisms of all the persons involved in the collection or 8 examination of crime scene samples is essential [2] . The persons involved in the transport 9 and/or the storage of an item should also be involved in these trainings since they are 10 associated to almost 20% of the contaminations (Table 3 and and therefore increases the protection required when handling crime scene items. However, 25 because contaminations can have serious consequences on individual cases, it is essential toinform each person potentially in contact with crime scene items about these risks. Our study 1 improves the knowledge about DNA contamination and we hope it will contribute to an open and 2 blame-free research culture in forensic science that promotes criminal justice and public trust [1] . 3
These contaminations can occur at each step along the chain of analysis; from the collection on 4 crime scene or in the examination room, to the transport or the storage, up to the DNA analysis 5 in the forensic genetic laboratory. However, our analysis highlights that some of the steps, such 6 as the collection of the DNA on crime scene, require special attention. Although it is impossible 7 to fully eliminate contaminations, the different issues reported in this study point to the 8 importance of training as well as improving the compliance with practical recommendations 9
proposed to reduce the risk of contaminations [2, 3, 21] . In such as context and following our 10 results we can make the following recommendations: 11
1. The DNA profile of all the persons potentially in contact with DNA samples, and the items 12 they are collected from, should be introduced in a centralized elimination database to 13 detect contamination as much as and as early as possible. 14 2. Each detected contamination (even locally) should be sent to the national database thus 15 allowing a better global picture as well as for transparency reasons. Environmental DNA monitoring programs might also be useful. 11 8. Finally, each entity (service, laboratory, surveillance authorities) should develop its own 12 guidelines or adapt existing ones [23] [24] [25] [26] 
